Abstract. We give an overview of chemical equilibria in explosive burning and the role which neutron and/or proton separation energies play. We focus then on the rapid neutron-capture process (r-process) which encounters unstable nuclei far from beta-stability with neutron separation energies in the range 1-4 MeV. Its observable features, like the abundances, witness nuclear structure as well as the conditions in the appropriate astrophysical environment. With the remaining lack of a full understanding of its astrophysical origin, parametrized calculations are still necessary. The classical approach is based on (constant) neutron number densities n n and temperatures T over duration timescales . Recent investigations, motivated by the neutrino wind scenario from hot neutron stars after a supernova explosion, followed the expansion of matter with initial entropies S and electron fractions Y e over expansion timescales . We compare the similarities and di erences between the two approaches with respect to resulting abundance features and their relation to solar r-process abundances. Special emphasis is given to the questions (i) whether the same nuclear properties far from stability lead to similar abundance patterns and de ciencies in both approaches and (ii) whether some features can also provide clear constraints on the permitted astrophysical conditions.
INTRODUCTION
Hydrostatic burning stages in stellar evolution, like H, He, C, and Neburning with temperatures being essentially con ned to T<10 9 K, are dominated by individual nuclear reactions and the precision of their cross sections. FIGURE 1. A schematic view of the nuclear chart with three quasi-equilibrium groups, (i) light nuclei including neutrons, protons and alpha partciles, (ii) the Si-group extending from Mg to the N=20 and Z=20 boundaries, (iii) the Fe-group containing nuclei above these boundaries.
The same is true for explosive events which never surpass critical temperatures. This is the case e.g. for explosive H-burning in novae which is limited to temperatures T < 3 10 8 K or explosive burning stages up to Ne-burning in supernovae. Other explosive events attain high temperatures, but during their ignition stages individual reactions matter strongly. This is the case e.g. during the ignition stages of explosive H-burning in X-ray bursts, where break-out reactions from the hot CNO-cycle (bridging the gap between CNO nuclei and Ne) as well as other hot CNO-type cycles up to Ca or Ti are important. It also applies to central C-ignition in white dwarf progenitors of type Ia supernovae.
However, a whole variety of burning processes responsible for the abundances of intermediate and heavy nuclei, like e.g. hydrostatic Si and explosive O and Si-burning, are leading to partial or full equilibria of reactions. The abundances within an equilibrated reaction chain can be described by the chemical potentials of nuclei (A + B $ C + D leads to A + B = C + D ) which form a Boltzmann gas, being dependent on density, temperature, mass, and abundance of a nucleus. The abundance ratios are (besides thermodynamic environment properties) determined by mass di erences, i.e. Q-values of reactions. Therefore, mass uncertainties matter, but uncertainties in cross sections do not enter abundance determinations 2, 49] . Fig. 1 shows a schematic view of the nuclear chart with three such quasi-equilibrium (QSE) groups, as they occur in hydrostatic Si or explosive O and Si-burning. These groups are in equilibrium for neutron and proton captures. This implies equilibria also for other target nuclei as well as for mixed reactions like (p; ) etc. The reason for the equilibrium regions are fast forward and reverse reaction rates for such environment conditions, the non-equilbrium regions are identi ed by small cross sections and reaction rates. This is due to small Q-values for reactions out of the magic numbers N=20 and Z=20 and due to small level or resonance densities for light nuclei up to Ne. For su ciently high temperatures, the Si and Fe-groups, or even all groups, can merge to a full or nuclear statistical equilibrium (NSE).
The 
The equations are valid for neutron and/or proton captures, as indicated by the n; p subsripts. The Y 's are abundances related to number densities n via n = N A Y . At the maximum in an isotopic or isotonic line we have S n;p 24kT, if the partition functions G are neglected (order unity). This is slightly modi ed by logarithmic dependences on density and temperature, i.e. for higher densities the equilibrium is pushed to smaller separation energies (closer to drip lines in extreme cases). When an equilibrium with neutrons and protons exists, the abundance maximum is found in the nuclear chart at the intersection of the relevant neutron and proton separation energies. The free neutron and proton densities re ect the total neutron/proton ratio in matter, which is determined by slow, weak interactions not in equilibrium. Thus, weak interactions a ect abundances by changing Y e , the total proton/nucleon ratio Y e =<Z=A>= P Z i Y i = P A i Y i = P Z i Y i . P A i Y i is the sum of all mass fractions (abundance mass number) and thus equal to 1.
The understanding that explosive burning stages are governed by QSE or even NSE is growing 52, 16, 17, 50] . This has been shown recently in calculations of type II supernova nucleosynthesis 55, 20] with two libraries of nuclear reaction rates 53, 47] , di ering by up to factors of 5-7. Of the nuclei produced in explosive O and Si-burning, i.e. most nuclei from Si to beyond Fe, only abundance di erences were noticed in the transition region between the Si and Fe groups. Di erent types of QSE-groups can emerge in explosive burning. The high temperature phase of the rp-process in X-ray bursts witnesses isotonic lines in (p; ) ? ( ; p) equilibrium, because neutrons are not available in hydrogen-rich layers 43,41] (see also Wiescher, this volume). The (slow) weak interactions are not in equlibrium and thus the + -decays (and also some connecting and competing ( ; p) reactions) have to be followed explicitely. Another application is the r-process which should be the focus of the rest of this contribution. Here the QSE-groups are isotopic lines in (n; ) ? ( ; n) equilibrium, and the connecting weak interactions are ? -decays. It should be mentioned that during the nal stages when freeze-out from equilibria occurs due to the expansion of matter and temperature decline below equilibrium conditions, reaction rates count again. But the abundance di erences will be smaller than expected from rate di erences.
In general it should be pointed out that equilibria simplify the understanding of explosive nucleosynthesis processes and individual cross sections play a much less important role than reaction Q-values, i.e. mass di erences. However, opposite to environments with neutron/proton ratios favoring nuclei close to stability, processes like the rp and r-process explore exotic nuclei close to the neutron or proton drip-lines where masses are not well known. Therefore the focus lies on nuclear masses and beta-decay properties and their experimental and theoretical investigations (see also Kratz and Wiescher, this volume).
R-PROCESS BASICS
The question whether we understand fully all astrophysical sites leading to an r-process is not a settled one. It is usually assigned type II supernovae (SNe II), the events accompanying the deaths of massive stars and formation of neutron stars (high entropy ejecta, see 56, 46] ). But galactic evolution timescales and the delayed emergence of r-process matter indicate that these can probably only be SNe II with long evolution timescales at the lower limit of supernova progenitor masses ( 8-10 M ) 7,28], while neutron star mergers or still other low entropy sites are not necessarily excluded 27, 29, 9] . Both these environments provide or can possibly provide high neutron densities and high temperatures which ensure an (n; ) ? ( ; n) equilibrium in each isotopic chain before the decline of densities and temperatures during the explosion. However, recent observations shed some doubts on the supernova origin. On average type II supernovae produce Fe to intermediate mass elements in ratios within a factor of 3 of solar 49]. If they would also be responsible for the r-process, the same limits should apply. But the observed bulk r-process/Fe ratios vary widely in low metallicity stars. For example CS 22892{052 has an r/Fe ratio which is 30 times larger than solar 44]! For the r-process source discussion ist is also helpful to ask the question which abundance pattern we need to explain. There are (i) the present rprocess abundances in the solar system and (ii) elemental abundance observations of low metallicity stars. The latter are very old stars and display with their unchanged surface abundances the composition of the interstellar medium early in galactic evolution. The observations of low metallicity stars are all consistent with the solar r-abundance pattern of elements and the relative abundances among heavy elements do apparently not show any time evolution 44, 6] , at least for elements heavier than Ba. The analysis of Ba line pro les in several metal-poor stars showed that also the ratio of odd to even isoptopes agrees with a solar r-process distribution (making use of hyperne splitting for odd isotopes 10]). This, plus the reproduction of the third r-process peak (Os, Ir, Pt) suggests strongly that (at least beyond Ba) all contributing astrophysical events have a solar r-process composition, opposite to di erent claims 14]. Even if all events contributing to galactic evolution produce the same relative r-process abundances, a single astrophysical site will still have varying conditions in di erent ejected mass zones. This naturally guides towards a multi-event model (where all events are close to identical), however, each event displays a multi-component (i.e. superposition) behavior. A component is de ned by a combination of neutron number density, temperature (de ning the neutron separation energy of an r-process path) and duration time, or more physically for an adiabatic expansion, entropy, Y e , and an expansion timescale. The physical conditions must vary smoothly, as expected from a single astrophysical site, opposote to other assumptions 13]. The site-independent classical analysis of Kratz et al. 23, 24] , based on n n , T, and , led to the conclusion that the r-process experienced a fast drop from equilibrium (of the order of 0.05 s, at least for conditions producing the A ' 80 peak), in order not to wash out the odd-even staggering via slow freeze-out e ects. A continuous superposition of components with neutron separation energies in the range 4-2 MeV (see Eq.(2), related to n n and T) on timescales of 1 -2.5 s, provided a good overall t. The beta-decay properties along contour lines of constant S n towards heavy nuclei 48] (see Fig. 2 for the region around the N=82 shell closure) are responsible for the resulting abundance pattern. These are predominantly nuclei not accessible in laboratory experiments to date. Exceptions exist in the A = 80 and 130 peaks 23, 24] and continuous e orts are underway to extend experimental information in these regions of the closed shells N=50 and 82 with radioactive ion beam facilities (e.g. Kratz, this volume). Such classical r-process studies were extended to deduce necessary requirements for nuclear properties like masses, half-lives, and deformation 48, 5, 37, 25] . One of the major conclusions was the quest for shell quenching far from stability in order to avoid abundance de ciencies, as seen in Fig. 3 .
ENTROPY BASED CALCULATIONS
For the operation of an r-process 10 to 150 neutrons per seed nucleus (in the Fe-peak or somewhat beyond) have to be available to form all heavier rprocess nuclei by neutron capture. For a composition of Fe-group nuclei and free neutrons that translates into a Y e =<Z=A>=0.12-0.3. Such a high neutron excess is not existing in typical stellar environments and only possible for high densities in neutron stars under beta equilibrium (e ? +p $ n+ ) with neutrino escape and e + p = n , based on the high electron Fermi energies (chemical potentials) which are comparable to the neutron-proton mass di erence 4, 29] .
Another option is a so-called extremely alpha-rich freeze-out in complete Si-burning with moderate Y e >0.40. After the freeze-out of charged particle reactions in matter which expands from high temperatures but relatively low densities, e.g. 90% of all matter can be locked into 4 He with N=Z, which leaves even for moderate Y e 's a large neutron/seed ratio for the few existing heavier nuclei. This corresponds to a freeze-out from QSE in Fig. 1 where groups 2 and 3 merged, but the connection between 1 and 2 is extremely weak due to low densities. The links accross the particle-unstable A=5 and 8 gaps is only possible via the three body reactions and n to 12 C and 9 Be, whose reaction rates show a quadratic density dependence. The entropy per gram of baryons in a radiation dominated gas is proportional to T 3 = and can be used as a measure of the ratio between the remaining He mass-fraction and heavy nuclei. S 0.15 k B /nucleon represents the deviding line between a normal and alpha-rich freeze-out. Similarly, the ratio of neutrons to heavy nuclei (i.e. the neutron to seed ratio) is a function of entropy and permits for high entropies, with large remaining He and neutron abundances compared to small heavy seed abundances, neutron captures which proceed to form the heaviest r-process nuclei 54, 32, 46, 56, 18, 19] .
The behavior of these latter two environments, representing a normal and alpha-rich freeze-out, is summarized in Fig. 4 . The available number of neutrons per heavy nucleus Y n =Y seed after charged particle freeze-out, when the lerge QSE-groups break up into isotopic lines, is shown as a function of entropy and initial Y e . At low entropies the transition to a normal freeze-out occurs, indicated by the negligible entropy dependence. Recent r-process studies 56, 46, 38, 19] have concentrated on the high entropy environment in the innermost ejecta of SNe II. These are the layers heated by neutrino emission and evaporating from the hot proto-neutron star after core collapse. Whether the entropies required for these conditions can really be attained in supernova explosions has still to be veri ed. In order to investigate the questions, whether FIGURE 5. Similar to Fig. 3 with the ETFSI mass formula, making use of a superposition of entropies g(S) to attain an overall good t to solar r-process abundances from a high entropy neutrino wind in type II supernovae. These calculations were performed with Y e = 0:45, but similar results are obtained in the range 0:30 ? 0:49, only requiring a scaling of entropy. The trough below A = 130 behaves similar to Fig. 3 . This shows that a time dependent freeze-out (with a full treatment of neutron captures and photodisintegrations), resulting from a scenario based on entropy, can cause the same abundance de ciencies due to speci c nuclear structure features as obtained in the site-independent classical approach with an instantaneous freeze-out from (n; ) ? ( ; n)-equilibrium.
and how explosion entropies can be translated into n n and T (or S n ) of the site-independent classical approach, we performed a parameter study based on the entropy S and Y e , in combination with an expansion timescale of typically 0.05 s 46], and varied nuclear properties (i.e. mass models). The neutron capture rates were calculated with the statistical model code SMOKER 40] . The ? -rates came from experimental data or QRPA calculations 33]. Following the reasons discussed above, we chose a smooth superposition with a weighting function g(S i ) = x 1 e ?x 2 S i , where the index i counts the components. Fig. 5 shows a Y e =0.45 sequence. Entropies from about 200 to about 350 give Y n =Y seed -ratios growing from approximately 30 to 150. The -rich freeze-out always produces seed nuclei in the range 90 < A < 120. This material can then be \r-processed", leading to a fully neutron dominated process, and the components have a very similar abundance pattern in the mass range A=110 -200, as found in the classical approach. Thus, it is possible for this entropy range to establish a one-to-one correspondence for abundances obtained via entropy and expansion timescale (S; ) in one type of calculation and neutron separation energy and timescale (S n (n n ; T); ) in classical calculations. The neutron separation energy S n of the r-path is the one obtained during neutron capture freeze-out in the entropy based calculations.
Di erent mass models (in Fig. 5 only ETFSI 1] is shown) give ts of similar quality as in the site-independent classical approach. The discrepancies below the A = 130 r-process peak, in form of a pronounced trough, occur again for FRDM 34] and ETFSI. Thus, our earlier conclusions can be translated from the classical analysis to realistic astrophysical applications in this mass region. The nuclear structure properties leading to agreement and de ciencies apply in the same way, due to the nature of a fast freeze-out, which preserves the abundances as they result from an initial (n; )-( ; n)-equilibrium at high temperatures, even when neutron captures and photodisintegrations are followed individually 11]. There is possibly one di erence to the conclusions given with Fig. 3 . The calculations experiencing the highest entropies have the longest neutron freeze-out timescales and are responsible for the heaviest nuclei 11]. Our results show that the trough before the A = 195 peak, resulting in case of the ETFSI mass model and the classical approach, does not survive 48, 5, 3, 37] . This region is changed by ongoing (non-equilibrium) neutron captures during the freeze-out and apparently does not directly witness nuclear properties far from stability at the N = 126 shell closure (Fig. 5) . This outcome might change, however, back to the classical approach, as giant dipole resonance features based on neutron skins of neutron-rich nuclei far from stability could enhance neutron capture cross sections tremendously and ensure the existence of an (n; ) ? ( ; n) equilibrium to lower temperatures 12].
There have been suggestions that neutrino-induced spallation of nuclei in the A = 130 peak, caused by a strong neutrino wind from the hot neutron star, could ll abundance troughs 39]. We refer to a more detailed discussion of this e ect 11], including the requirements on neutrino luminosities and distances of ejecta from the neutron star at the time of the neutron freeze-out. We come to the conclusion in agreement with 39] that this e ect can only be of importance for the low mass wings of the A 130 peak, but not for the mass region in the range 110-120. Nuclear structure e ects (shell quenching far from stability) seem to be the best solution, especially as they are already observed experimentally and predicted theoretically 35, 45, 57, 21, 8, 26] . For a general review whether neutrino interactions with matter actually support or hinder the occurance of an r-process see 31] .
The correspondence between classical and entropy based calculations can only be established for entropies producing nuclei with A >110. Matter with A<110 results from lower entropies with a neutron-poor and alpha-rich freezeout, where the abundances of heavy nuclei are dominated by those with alpha separation energies of 6 MeV 11]. This follows from an equation very similar to Eq.(2) for alpha separation energies. None of these entropies produces an abundance peak at charged particle freeze-out with A < 80, leaving a sucient amount of neutrons for r-processing which would reproduce the typical neutron-induced abundance features in the range A = 80 ? 110. A di erent choice of Y e (e.g. 0.49) can in uence that pattern somewhat in avoiding very large spikes for A 90 and N=50 isotopes, but the overall features stay. Within an entropy based approach only conditions with lower Y e , but also lower entropies, can lead to abundance features in agreement with the solar r-abundance pattern similar to the classical approach. Such features relate to FIGURE 6 . A low Y e = 0:35 value and a high density > 10 7 g cm ?3 cause a normal (low-entropy) freeze-out with a su cient amount of neutrons left for the synthesis of 80 < A < 120 nuclei. This calculation utilized a droplet model 15] which similar to ETFSI-Q avoids the trough for 110 < A < 120. A further decrease in Y e (see Fig. 4b ) will increase the Y n =Y seed -ratio and could also account for the upper mass range of r-process nuclei. Such an environment is similar to low entropy scenarios related to neutron stars 7, 30, 42] .
nuclei along contour lines of constant neutron (rather than alpha) separation energies (Fig. 6 ).
CONCLUSIONS
The r-process is a typical example of an explosive burning environment determined by reaction equilibria and particle separation energies. Its abundance features re ect the beta-decay half-lives along contour lines of constant neutron separation energy, which led to the classical site-independent approach based on a constant neutron number density n n and temperature T over a process duration time . More realistic astrophysical environments are expected to follow the expansion of matter with initial entropies S on expansion timescales through the freeze-out of reactions with declining temperatures and densities. While this has been performed before by a number of investigators, it is the rst time that di erent mass models have been explored in such investigations. We nd essentially a one-to-one mapping between the results of the classical and the entropy based approach for entropies producing nuclei with mass numbers A>110. The neutron separation energy of the r-path at neutron freeze-out is the same as in the corresponding classical components with constant n n and T. Concerning the in uence of nuclear properties far from stability, the conclusions of the classical site-independent calculations of 24,5,37] remain valid for the A ' 130 region and the abundance troughs can be cured by quenching of shell e ects.
However, for high entropy environments, as expected from a high entropy neutrino wind in supernovae, there exists no correspondence for contributions which cover the mass range 80 < A < 110. They are the product of charged particle reactions and a neutron-poor, alpha-rich freeze-out. It is not meaningful to compare these contributions to classical r-process calculations and the resulting abundances do not t the solar r-abundance pattern either. Low entropies S < 0:1 and low Y e 's of the order of 0.35, which lead to a normal (i.e. not alpha-rich) freeze-out, can provide neutron densities that resemble classical r-process studies and produce a good t to the solar abundance pattern in the mass range of 80 < A < 120. The latter ndings seem to exclude high entropy supernova environments for producing the mass region 80 < A < 110 ? 120.
This could point towards low entropy sources related to expanding neutron star matter.
Whether such an interpretation (A < 130 from low Y e and S conditions, A > 130 from high S conditions) is a solution, might eventually be answered by observations. There seems to exist meteoritic evidence from the extinct radioactivities 107 Pd, 129 I, and 182 Hf 51] that the last r-process contributions to the solar system for A > 130 and A < 130 came at di erent times, i.e. from di erent types of events. It is highly desirable to have an independent veri cation from observations of low metallicity stars, which apparently show a completely solar r-process composition for nuclei with A > 130 44,6] .
